The intermittent small-scale structure of turbulence governs energy dissipation in many astrophysical plasmas and is often believed to have universal properties for sufficiently large systems. In this work, we argue that small-scale turbulence in accretion disks is universal in the sense that it is insensitive to the magnetorotational instability (MRI) and background shear, and therefore indistinguishable from standard homogeneous magnetohydrodynamic (MHD) turbulence at small scales. We investigate the intermittency of current density, vorticity, and energy dissipation in numerical simulations of incompressible MHD turbulence driven by the MRI in a shearing box. We find that the simulations exhibit a similar degree of intermittency as in standard MHD turbulence. We perform a statistical analysis of intermittent dissipative structures and find that energy dissipation is concentrated in thin sheet-like structures that span a wide range of scales up to the box size. We show that these structures exhibit strikingly similar statistical properties to those in standard MHD turbulence. Additionally, the structures are oriented in the toroidal direction with a characteristic tilt of approximately 17.5 degrees, implying an effective guide field in that direction.
INTRODUCTION
Turbulence plays a central role in accretion disks by governing the angular momentum transport responsible for mass accretion onto compact objects (Balbus & Hawley 1998) , amplifying magnetic fields via the dynamo (Brandenburg et al. 1995) , and intermittently dissipating magnetic energy, which may lead to non-thermal particle acceleration and X-ray flares (Baganoff et al. 2001; Markoff et al. 2001; McClintock & Remillard 2006) . Many questions on the nature of turbulence in accretion disks remain, and it is important to understand to what extent insights from standard magnetohydrodynamic (MHD) turbulence can be adapted. In this work, we use the term standard MHD turbulence to refer to externally driven or decaying MHD turbulence in a periodic box in the absence of background gradients (and therefore statistically homogeneous). Standard MHD turbulence serves as a conventional testing ⋆ E-mail: zhdankin@jila.colorado.edu † Visiting fellow ground for controlled numerical studies of turbulence in the inertial range.
Turbulence can be driven in ionized accretion disks by the magnetorotational instability (MRI) when a weak background magnetic field and Keplerian shear are present (Balbus & Hawley 1991) . The dynamics are often studied in the shearing box approximation, which provides a simple framework for describing turbulence in a small corotating patch of the accretion disk. Previous numerical studies of MRI-driven turbulence in a shearing box have primarily focused on large-scale quantities such as the angular momentum transport coefficients, magnetic and kinetic energy spectra (Fromang 2010; Lesur & Longaretti 2011) , anisotropy (Nauman & Blackman 2014; Murphy & Pessah 2015) , and dynamo cycles (Bai & Stone 2013) . Physical and numerical degrees of freedom such as the net flux (e.g., Salvesen et al. 2016) , stratification (e.g., Simon et al. 2011) , dissipation coefficients (Fleming et al. 2000; Fromang et al. 2007; Lesur & Longaretti 2007) , box size (Bodo et al. 2008 (Bodo et al. , 2011 Simon et al. 2012; Shi et al. 2016) , and boundary con-ditions were also explored. These numerical studies uncovered many important features of turbulence in a shearing box and reproduce aspects of global accretion disk simulations (Sorathia et al. 2012) . Despite their relative physical simplicity, shearing box simulations of MRI-driven turbulence have only recently identified a putative inertial range (Walker et al. 2016; Kunz et al. 2016) , with previous numerical simulations showing little quantitative resemblence to standard MHD turbulence (e.g., Fromang 2010; Lesur & Longaretti 2011) .
One aspect of MRI-driven turbulence that was largely neglected to date is the small-scale structure of the turbulence, involving quantities such as the energy dissipation rate, current density, and vorticity. Small-scale turbulence is often believed to be universal in the sense that it is insensitive to the driving mechanism and boundary conditions, although it may depend on the system size due to intermittency (scale-dependent inhomogeneity) and scaledependent anisotropy (Goldreich & Sridhar 1995; Boldyrev 2006; Mason et al. 2012; Perez et al. 2012) . Intermittency causes a large fraction of energy dissipation in MHD turbulence to be concentrated in coherent structures, such as current sheets and vorticity sheets, that occupy a small fraction of the volume (Zhdankin et al. 2016a; Wan et al. 2016) . These structures may determine the kinetic mechanisms of energy dissipation (Matthaeus et al. 2015) , contribute to non-thermal particle acceleration, appear as intense observable flares (Zhdankin et al. 2015a,b) , and cause temperature inhomogeneity that leads to mineral formation (McNally et al. 2014) .
A central open question is whether the character of MRI-driven turbulence transitions to standard MHD turbulence at sufficiently small scales (which requires large simulations to properly discern), or whether the presence of the MRI across many scales modifies the dynamics at all scales. It is likewise unknown whether the MRI modifies scaledependent effects such as intermittency and anisotropy; even the large-scale variability of the MRI may non-trivially reduce or increase the degree of inhomogeneity and anisotropy at smaller scales. Furthermore, whereas numerical simulations established that standard MHD turbulence is characterized by thin intermittent structures that span large scales (e.g., Zhdankin et al. 2013 Zhdankin et al. , 2014 , it is unclear whether such structures can persist in the background Keplerian shear of an accretion disk.
In this work, we take a step toward answering these questions by investigating the intermittency of small-scale quantities in numerical simulations of incompressible MHD turbulence driven by the MRI in an unstratified shearing box. We demonstrate that the system is classically intermittent by showing that the distribution of coarse-grained energy dissipation rates broadens with decreasing scale, at a rate comparable to that in hydrodynamic and MHD turbulence. We then perform a statistical analysis of intermittent dissipative structures and characterize their energetics, morphology, and orientation. We show that the statistical properties of these structures are in strong quantitative agreement with similar measurements in standard MHD turbulence driven at large scales (Zhdankin et al. 2014 (Zhdankin et al. , 2016b Zhdankin et al. 2016a) . These results support the picture that the small-scale dynamics of turbulence, involving the current density, vorticity, energy dissipation rate, and possibly the asymptotic energy spectrum, are insensitive to the large-scale shear and MRI for sufficiently large systems.
METHODOLOGY
We consider a periodic shearing box with x representing the radial direction, y representing the toroidal direction, and z representing the vertical direction. The incompressible MHD equations in a shearing box read
where v is the velocity field, B = B0 +b is the magnetic field (where B0 is the background field and b is the fluctuating part), Ω0 = Ω0ẑ is the orbital frequency, q = 3/2 is the Keplerian shear parameter; we absorbed a factor of 1/ √ 4πρ in the magnetic field, where ρ is the plasma density. We focus our primary analysis on the current density j = ∇ × B and vorticity ω = ∇ × v. The local resistive and viscous energy dissipation rates per unit volume are given by ǫ η = ηj 2 and ǫ ν = 2νσij σij , respectively, where η is the resistivity, ν is the viscosity, and σij = (∂vj/∂xi + ∂vi/∂xj)/2 is the rateof-strain tensor. We note that terms proportional to Ω0 are lower order in gradients than the other terms, and hence can be anticipated to become unimportant at small scales, leaving only the usual MHD terms. We consider the suite of numerical simulations described in Walker et al. (2016) . The dimensions of the box are chosen to be (Lx, Ly, Lz) = (2, 4, 1) and the simulation lattice is 1024×1024×512 cells. We fix the Reynolds number Re ≡ Ω0L 2 z /ν = 45000 (which differs from the conventional turbulence Reynolds number, Re turb ≡ vrms(L/2π)/ν ∼ 4000) and magnetic Prandtl number P m ≡ ν/η = 1, while varying the superimposed vertical background field B0 = B0ẑ, taking B0 ∈ {0.03, 0.01, 0.005} (in numerical units), which correspond to initial fastest growing linear MRI modes at length scales LMRI ≡ 2π/kMRI = 2π(4/ √ 15)B0/Ω0 ∈ {0.195, 0.065, 0.032}Lz , where kMRI is the wavevector for the fastest growing mode (Balbus & Hawley 1998) . Hence, the simulations have varying dimensionless parameters β = Ω For reference, we now explicitly show that energy and cross-helicity injection occurs mainly at large scales. The total energy injection rate is given by αE = qΩ0 (vxvy − BxBy) d 3 x while the total cross-helicity injection rate is given by αC = (q − 2)Ω0 (vxBy − Bxvy) d 3 x. The integrand can be evaluated in Fourier space to determine the injection rates at different wavenumbers, which we denoteαE(k) andαC (k). The (normalized) cumulative injection rate for energy is then given by
where . . . denote ensemble average (i.e., time average). Similarly, the cumulative injection rate for cross-helicity can be characterized by Figure 1 . The cumulative injection rate of energy I E (k) (blue) and of cross helicity I C (k) (red) at wavenumbers greater than k.
where the absolute values are taken since cross-helicity is not sign definite and is zero on average. The injection rates IE and IC are shown in Fig. 1 . We find that the injection rates strongly decrease with increasing wavenumber, becoming negligibly small compared to the cascade rate (which is unity in Fig. 1 across inertial-range scales).
RESULTS
We first consider the distribution of coarse-grained energy dissipation rates, which is a conventional method for characterizing the scale-dependent nature of intermittency (Frisch 1995; Biskamp 1995; Merrifield et al. 2005) . The coarsegrained resistive (viscous) energy dissipation rates at the nth level, denoted ǫ η n (ǫ ν n ), are obtained by subdividing the simulation box n times (in each direction) to obtain a set of subdomains of size (Lx, Ly, Lz) · 2 −n and measuring the average ǫ η (ǫ ν ) in each of these subvolumes. The (total) coarsegrained energy dissipation rate in each subdomain is given by ǫn = ǫ η n + ǫ ν n . As shown in the first panel of Fig. 2 , the probability density function for coarse-grained energy dissipation rates normalized to the mean, P (ǫn/ǫ0), broadens with the number of subdivisions n, indicating that strong dissipative events are increasingly localized in space at smaller scales. We find that P (ǫn/ǫ0), as well as P (ǫ η n /ǫ η 0 ) and P (ǫ ν n /ǫ ν 0 ), are reasonably well fit for all levels n by the log-normal distribution,
where µn and σn are the location parameter and scale parameter, respectively, with µn = −σ 2 n /2 to ensure a mean of unity. As shown in the second panel of Fig. 2 , σ 2 n /2 ∝ n for a range of intermediate scales (specifically, 4 n 9), consistent with the log-normal model of intermittency developed for hydrodynamic turbulence (Kolmogorov 1962) . The coefficient of proportionality is measured to be near 0.1, which implies a nonzero intermittency parameter (2/ ln 2)0.1 ≈ 0.29 (Frisch 1995; Biskamp 2003) , which is comparable to that measured in hydrodynamic turbulence (Sreenivasan & Kailasnath 1993) and standard MHD turbulence (Zhdankin et al. 2016b) .
The robustness of the log-normal fits can be characterized by measuring the skewness Sn and kurtosis Kn of the variable ξn = log (ǫn/ǫ0), defined by
whereξn = ξn and angled brackets indicate an ensemble average. For a normal distribution in ξn, which corresponds to a log-normal distribution in ǫn/ǫ0, we expect that Sn = Kn − 3 = 0. We show the skewness Sn and the excess kurtosis Kn − 3 in Fig. 3 ; since both quantities are significantly less than unity, the log-normal distribution is indeed a good fit to the overall data for energy dissipation rates. We note that the skewness increases from negative to positive in the inertial range, while the excess kurtosis decreases from positive to negative. We find that the quantities averaged for n ≥ 3 are Sn n≥3 ≈ 0.02 and Kn n≥3 − 3 ≈ −0.06. Deviations from the log-normal distribution could be attributed to a number of factors, including corrections from a relatively short inertial range and alternative models of intermittency in MHD turbulence (e.g., the log-Poisson models considered in (Chandran et al. 2015; Mallet & Schekochihin 2016) ). We next describe the fraction of volume occupied by intermittent structures and their contribution to the overall energy dissipation, which is determined from cumulative distributions conditioned on thresholds in the current density and vorticity (denoted j thr and ω thr , respectively). In the first panel of Fig. 4 , we show the resistive energy dissipation and volume filling fraction versus the normalized current density threshold j thr /jrms (where jrms is the time-averaged rms current density). We find that the cumulative distributions are nearly identical for all three values of B0. For large thresholds (j thr /jrms ≫ 1), which is associated with intermittent current density structures, the fraction of energy dissipation declines exponentially, as exp (−λj thr /jrms) with λ ≈ 1/1.42. We find that roughly 17% of the resistive dissipation occurs in 1% of the volume, and 50% of the resistive dissipation in 7.5% of the volume, indicating a high degree of inhomogeneity. In the second panel of Fig. 4 , we show that the fraction of viscous dissipation (estimated by integrating νω 2 ) in vorticity structures at a threshold ω thr /ωrms is also well fit by an exponential, with a slightly stronger decay constant, λ ≈ 1/1.17. For comparison, we also show the resistive energy dissipation versus j thr /jrms in simulations of standard homogeneous MHD turbulence with a background magnetic field that is comparable to turbulent fluctuations (taken from the data set in Zhdankin et al. (2016b) ). We find that the two cases agree very well. In contrast, we note that standard MHD turbulence with a strong guide field is significantly more intermittent, with a smaller decay constant λ ≈ 1/3.3 (see, e.g., Zhdankin et al. 2016a) .
We now arrive at our statistical analysis of intermittent dissipative structures. We apply the methodology described in Zhdankin et al. (2014) and mainly show the results for structures in the current density (i.e., current sheets). Each structure is defined to be a cluster of connected points with current density magnitudes exceeding a fixed threshold, . Left panel: Probability density functions for coarse-grained energy dissipation rate ǫn/ǫ 0 for n ∈ {3, 6, 9} (in green, red, and blue, respectively). Best-fit log-normals are shown in black. Right panel: Scaling of σ 2 n /2 for best-fit log-normal distributions versus level n. Results for total dissipation are shown in blue, resistive dissipation in red, and viscous dissipation in magenta. |j| > j thr . For each current sheet, we measure the resistive energy dissipation rate E = dV ǫ η (integrated across the constituent points) and three characteristic scales: the length L, width W , and thickness T . The characteristic scales are measured in three orthogonal directions such that the length L is the maximum distance between any two points in the structure, W is the maximum distance between between any two points in the plane orthogonal toL (the direction of L) coinciding with the point of maximum current density inside the structure, and T is the distance across the structure in the directionL ×Ŵ passing through the point of maximum current density inside the structure. The statistical results are insensitive to the threshold as long as j thr ≫ jrms; we choose j thr = 4jrms. We show the current density profile in representative yx and xz slices of the simulation in Fig. 5 , with current sheets exceeding a threshold of 2.5jrms marked in red.
We show probability distributions for the current sheet measurements in Fig. 6 ; for comparison, we also show distributions for the same measurements in a reduced MHD (RMHD) simulation with Re = 3200 and strong guide field B0 ≈ 5brms (taken from Zhdankin et al. (2014) ; Zhdankin et al. (2016a) ). The distribution for energy dissipation rates E is consistent with a power law with a critical index of −2.0 across more than three decades, which implies that the populations of weak structures and strong structures both contribute equally to the overall energy dissipation. This critical index is also observed in the RMHD case. The distributions for lengths L and widths W also show power laws agreeing with RMHD, which has indices near −3.2 (the distribution for W is possibly shallower, with index −3.0). Lengths and widths extend to scales comparable to the box size in the toroidal direction and the vertical direction, respectively. Thicknesses T are peaked at small scales and do not exhibit a clear power law (although possibly a very steep one with index ∼ −5). The distributions are very similar in all three simulations; in particular, the cases with B0 = 0.03 and B0 = 0.01 are nearly indistinguishable, while differences in the B0 = 0.005 case (such as the shorter power law in the distribution for W ) can be attributed to a shorter inertial range.
One implication of the above distributions is that energy dissipation is spread across current sheets spanning a broad range of scales. This is evident when plotting compensated dissipation-weighted distributions E(X)X for the current sheet sizes X ∈ {L, W, T }, i.e., the distribution weighted by the energy dissipation rates and compensated by the given scale, which is shown in Fig. 7 . The broad peak of E(L)L and E(W )W reveal that energy dissipation is dominated by current sheets with lengths 0.1Lz L 2Lz and widths in the range 0.02Lz W 0.3Lz. Meanwhile, thicknesses are peaked at small scales, T ∼ 3 × 10 −3 Lz. We interpret these lengths and widths to be the inertial range in the corresponding directions, and the thickness to be the dissipation scale. We note that although the typical thicknesses are only marginally resolved in this case, a similar distribution was found in the much better resolved RMHD simulations (Zhdankin et al. 2016a) .
The various measurements performed on the current sheets often exhibit correlations. These can be characterized from 2D distributions, as shown in Fig. 8 for L versus W and for E versus L. For clarity, these 2D distributions are weighted by the dissipation rates. We find that L ∼ W and E ∼ L 2 , similar to the scalings measured for RMHD (Zhdankin et al. 2016a ). The thickness varies over a much smaller range and does not exhibit a clear scaling.
Unlike standard MHD turbulence, where structures are elongated along the mean magnetic field, the typical orientation of structures in MRI-driven turbulence is not a priori obvious. Therefore, we next characterize the orientation of current sheets by measuring direction vectors for the sizes: L,Ŵ , andT . We show scatterplots of the components of L,Ŵ , andT in the xy plane in Fig. 9 ; for clarity, only intense current sheets exceeding an energy dissipation rate E /Etot > 4×10 −5 are shown. We find that the current sheets are typically extended in the azimuthal direction, but with a tilt of approximately θ tilt = 17.5
• . To better characterize the orientations, we utilize the tilted coordinates (x ′ , y ′ , z ′ ) obtained by rotating the original (x, y, z) coordinate system by the angle θ tilt counterclockwise around the z axis. We show the components ofL,Ŵ , andT in the tilted x ′ z ′ plane in Fig. 10 . Isotropy around the tilted y ′ axis is evident from these scatterplots. Most of the current sheets haveL y ′ ≈ ±1, i.e., they are aligned with the tilt direction y ′ ≈ŷ cos θ tilt −x sin θ tilt , whileŴ andT are statistically isotropic in the plane perpendicular toŷ ′ . These orientations indicate that there may be an effective guide field in theŷ ′ direction. This tilt angle is somewhat larger than the angle associated with the angular momentum transport coefficient noted in previous studies (e.g., Simon et al. 2012) . It however agrees well with distribution of the magnetic inclination angle, θinc = tan −1 (Bx/By), which we find to be strongly peaked near θinc ∼ −18
• in our simulations. In addition to the above analysis of current sheets, we performed a similar analysis for vorticity sheets by identifying structures that exceed a vorticity threshold, |ω| > ω thr . The statistical results are essentially the same as for the current sheets, in agreement with the standard case (Zhdankin et al. 2016a) . For example, we compare the distribution of viscous energy dissipation rates (estimated by integrating νω 2 across the structure) for vorticity structures to resistive dissipation rates of current sheets in Fig. 11 . Vorticity structures tend to be somewhat weaker and smaller (with distributions for length and width being shifted to smaller scales by less than a factor of 2), but otherwise have quantitatively similar distributions. The orientations of the vorticity structures are also very similar to current sheets, being aligned with the same tilt axis.
CONCLUSIONS
In this work, we investigated the small-scale structure and intermittency of energy dissipation in a set of MHD simulations of MRI-driven turbulence. We found that MRIdriven turbulence leaves an imprint on small-scale quantities (e.g., current density, vorticity, dissipation rates) that is nearly indistinguishable from simulations of standard homogeneous MHD turbulence with a uniform guide field. This is in contrast to previous studies which focused on inertialrange quantities such as the energy spectrum and found little resemblence to standard turbulence (Fromang 2010; Lesur & Longaretti 2011) , likely due to the effects of largescale shear and broadband energy injection from the MRI in a relatively small domain. Our results indicate that the Figure 5 . Images of current density magnitude j in yx (azimuthal/radial) and xz (radial/vertical) slices of the simulations. Points exceeding a threshold of 2.5jrms are marked in red (note that a higher threshold is used in the analysis). Note the characteristic tilt of ∼ 17.5 • for structures in the xy plane. small-scale structure is insensitive to these effects, and can be understood as standard MHD turbulence with a selfconsistently generated guide field that is slightly tilted from the toroidal direction. Surprisingly, even the inertial-range lengths and widths of intermittent structures agree with the standard case. Other quantities such as the energy spectra may duplicate the results from standard MHD turbulence once simulations become sufficiently large.
If the above picture is correct, then the small-scale turbulence in accretion disks can be modeled with standard MHD turbulence phenomenology (Goldreich & Sridhar 1995; Boldyrev 2005) . One implication is that the dynamics at kinetic scales, responsible for plasma heating and particle acceleration, will be insensitive to the large-scale accretion disk physics. For practical applications, future work is required to verify that these conclusions are insensitive to stratification, radiative effects, and global geometry. It also remains to be shown that the results are unaffected by compressive fluctuations (Federrath et al. 2011 (Federrath et al. , 2014 , which may form shocks as an alternative route to inter- Figure 7 . Compensated, dissipation-weighted distributions E(X)X for current sheet scales X ∈ {L, W, T } (in blue, red, and green, respectively). mittent dissipation (Schmidt et al. 2008) . For instance, it is known that the excitation of mildy subsonic MHD turbulence in Keplerian shear flows excites non-axisymmetric spiral density waves which are ultimately dissipated as shocks (Heinemann & Papaloizou 2009a,b) .
In the present study, we used numerical simulations corresponding to magnetic Prandtl number P m = 1. This was done to maximize the inertial range of turbulence for the available numerical resolution. In our future work we will address the cases of P m < 1 and P m > 1. In the latter case, MRI-driven turbulence may be excited solely by the nonlinear magnetic dynamo action, that is, without an imposed magnetic flux (e.g., Lesur & Longaretti 2007) . Whether this affects the properties of MRI-driven turbulence is an interesting question. 
